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Abstract
In modern shipbuilding industry, accurate numerical pre-
diction of ship motions in large waves has become neces-
sary and important for hull form and structural design. In
this paper, with the aim of providing a practical tool for
design process, a weakly nonlinear time-domain method
using impulse response function is presented. In this
method, the frequency-domain solver is based on a Rank-
ine panel method with double-body basis flow. The ship
motions solution is obtained in time domain using convo-
lution integral to account for the memory effects related
to the free surface oscillations. Forces due to radiation
and scattering potentials are calculated on mean wetted
surface of the ship hull while the Froude-Krylov and hy-
drostatic forces are evaluated over the instantaneous wet-
ted surface. To validate this method, the vertical motions
of two hull forms advancing in head seas are studied. A
modified Wigley model and a bulker carrier model are
used. In small waves, the results of the current method
coincide with conventional linear theories. In large wave
conditions, the calculation results show good agreement
with model tests results.
Keywords
Sea-keeping; Nonlinear; Time Domain; Impulse Re-
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Introduction
In the modern ship building industry, prediction of non-
linear sea-keeping performance in preliminary design
stage has become more and more important. This in-
cludes three aspects of the ship’s performance: estima-
tion of the operability of the vessel under rough weath-
ers, which is particularly important for offshore sup-
porting vessels; direct calculation of nonlinear wave-
induced hull girder loads, which may contribute to a
more reliable wave loads prediction in a vessel’s life-
time for structure design; calculation of the added re-
sistance in waves, which can be used to develop a more
environment-friendly vessel to address the growing soci-
ety concern on greenhouse effect. In the present paper, as
the first stage of our project, we’ll be focusing on the pre-
diction of nonlinear ship motion responses in large regu-
lar waves.
Many methods for the prediction of nonlinear ship mo-
tions have been developed in the past decade. (Beck and
Reed, 2001) has given a detailed review and discussion
of different theories. These methods can be generally di-
vided into two categories: ones based on potential flow
models, and the others based on the viscous flow models.
The viscous flow models are the most recent develop-
ment on nonlinear sea-keeping problems. At present, the
unsteady Reynolds Averaged Navier-Stokes equations is
the most popular one. Besides, there are other attempts
with Large Eddy Simulation, Direct Numerical Simula-
tion and Smoothed Particle Hydrodynamics. A complete
review of the application of viscous flow models on ship
hydrodynamics can be found in (ITTC, 2011). These
viscous flow models are very promising approaches for
global and local nonlinear problems. However, most of
them demand much higher computational cost comparing
with the potential flow models, which limits their indus-
trial applications.
For the potential flow models, as the Laplace equa-
tion is linear, the nonlinearities exist on boundary con-
ditions, i.e. body boundary conditions and free-surface
boundary conditions. Various methods have been devel-
oped to take account of different levels of the nonlinear-
ities on the boundary conditions. Attempts have been
made to solve the problem by satisfying the body bound-
ary conditions on the instantaneous wetted surface of the
body and Neumann-Kelvin conditions on the free-surface
(Lin and Yue, 1990; Magee, 1994; Shin et al., 1997),
which is known as the body-exact approach. The time
domain free-surface Green fucntion is usually used to
solve the body-exact problem. A further development of
this approach is the weak-scatter approach (Pawlowski,
1992; Sclavounos et al., 1997; Huang and Sclavounos,
1998). In this approach, the free-surface conditions for
the unsteady flow is linearized around the ambient wave
profile, with double body flow (Dawson, 1977) as the
base flow. The body-exact conditions are retained on
the body surface. The Rankine sources are used to
solve the weak-scatter problem. Both the body-exact and
weak-scatter approaches result in increase of computa-
tion time comparing with the linear theories. The above
two approaches use linearized or partially linearized free-
surface boundary conditions, and another option is to
adapt the fully nonlinear free-surface boundary condi-
tions. To solve the fully nonlinear problem of unsteady
flow, the mixed Euler-Lagrange method has been intro-
duced by (Longuet-Higgins and Cokelet, 1976). The ap-
plication of this approach can be also found in (Faltin-
sen, 1977; Cointe et al., 1990) for two-dimensional prob-
lems and (Lin et al., 1984; Scorpio et al., 1996) for
three three-dimensional problems. Besides large com-
putational time required for the three-dimensional mixed
Euler-Lagrange method, there are also numerical stabil-
ity and wave breaking problems, which have limited its
application.
As explained above, for most of the nonlinear methods,
a major concern on their application at early design stage
is the high computational cost. To develop a more practi-
cal tool, the weakly-nonlinear approach is considered as
one suitable option. In the weakly nonlinear approach,
the hydrostatic and Froude-Krylov forces are integrated
over the exact wetted surface of the ship hull at each time
step, while the radiation and scattering forces are calcu-
lated by using linear theories. A review and discussion
of these methods and their comparison with model tests
can be found in the ISSC report (ISSC, 2000). Most of
the weakly-nonlinear approaches are based on the strip-
theory assumption with various approaches for the calcu-
lation of the linear hydrodynamic forces in time domain.
(Fonseca and Guedes Soares, 1998b,a) and (Xia and
Wang, 1997) calculated the linear hydrodynamic forces
by using a impulse response function based approach.
(Xia et al., 1998) used a consistent relative motion for-
mulation to calculate the linear forces. (Watanabe and
Sawada, 1986) proposed a method to use frequency de-
pendent hydrodynamic coefficients at instantaneous im-
mersed sections. These nonlinear strip theories are very
efficient in terms of computation time. The limitations
are that the three-dimensional and forward-speed effects
are not fully included. The LAMP-2 code (Shin et al.,
1997) is a true three-dimensional method, which adapts
a linear time domain panel method with nonlinear hydro-
static and Froude-Krylov forces. However, as other time
domain approaches, this time domain 3D panel method is
also very time consuming.
To fill in the gap in the development of weakly non-
linear approaches, the authors have developed a three-
dimensional weakly-nonlinear method based on the im-
pulse response function approach. In this approach, the
hydrostatic and Froude-Krylov forces are calculated over
the instantaneous wetted surface of the body, and the lin-
ear hydrodynamic forces are presented as time convolu-
tion integral of frequency dependent coefficients that are
pre-calculated by using a 3D Rankine panel method. This
paper presents some calculation results based on this ap-
proach and its comparison with experiment.
Numerical Method
Ship Motion Equations
In the present study, the transient response of a ship in
wave is obtained by solving the motion equations (Eq.1)
with fourth order Runge-Kutta method.
Mij ξ¨j = F
RL
i + F
SCL
i + F
SNL
i + F
FKNL
i (1)
where i, j = 1 ∼ 6.
In Eq.1, except for the generalized mass Mij , all the
items are considered in time domain. FRLi and F
SCL
i
represent the linear radiation and scattering forces; FSNLi
and FFKNLi represent the nonlinear static and Fourde-
Krylov forces.
Radiation and Scattering Forces
The radiation forces in time domain can be represented
as follows (Liapis and Beck, 1985).
FRLi (t) = −a∞ij ξ¨j(t)− bij ξ˙j(t)− cijξj(t)
− ∫ t
0
[Kij(t− τ)ξ˙j(τ)]dτ (2)
where i, j = 1 ∼ 6.
In Eq.2, all the coefficients are independent of the past
motion histories of the body. a∞ij is a constant dependent
on the geometry of the body; bij and cij are constants
dependent on body geometry and forward speed; Kij(t)
depends on time, body geometry and forward speed.
As only the linear radiation problem is considered
here, the time domain and frequency domain solutions
can be related by Fourier transforms (Cummins, 1962),
which gives
Kij(t) =
2
pi
∫ ∞
0
[Bij(ω)− bij ] cosωt]dω (3)
cij = ωe
2(a∞ij −Aij(ωe))− ωe
∫ ∞
0
Kij(τ) sinωeτdτ
(4)
By using Eq.3 and 4, the memory effect function Kij
and ”radiation restoring force” cij can be obtained. The
frequency dependent added mass Aij and damping co-
efficients Bij are obtained by using a 3D Rankine panel
method. A similar technique is used to obtain a∞ij and bij
with zero potential condition imposed at the mean free
surface.
The wave scattering forces in regular waves are di-
rectly calculated by using the frequency domain results:
FSCLi (t) = <{Ei(ωe)eiωet} (5)
where Ei(ωe) is the complex wave scattering ampli-
tude obtained from 3D Rankine panel method mentioned
above.
Hydrostatic and Froude-Krylov Forces
To include the nonlinearities of hydrostatic and Froude-
Krylov forces, the hydrostatic and incident wave induced
pressure is integrated over the instantaneous wetted sur-
face of the body. In linear wave theory, the velocity po-
tential does not extend above the mean water level, and
therefore some special treatment is needed for pressure
distribution above the water level. In the present study,
the following approximation is used.
p
ρg
= −z + ζa cos(kx+ ωet)ek(z−ζ(x,t)) (6)
As shown in Fig.1, the origin is located at the mean water
level and z+ upwards. ζa is the incident wave amplitude
and ζ represents instantaneous free surface elevation.
Figure 1: Free-surface Elevation of Incident Waves
Computation Results in Small Amplitude Waves
As a verification of this approach, motion responses of a
modified Wigley model in small amplitude regular waves
have been calculated and compared with results by linear
theory in frequency domain.
A slender Wigley model was used in this study, with
its hull surface represented as follows.
η = (1−ξ2)(1−ζ2)(1+0.2ξ2)+ζ2(1−ξ2)4(1−ζ8) (7)
where ξ = 2xL , η =
2y
B and ζ =
z
d . The simulation
conditions are presented in Table 1
Table 1: Simulation conditions of modified (slender)
Wigley model
Model Length 2.0 m
Froude Number 0.2
Wave Heading 180 deg
Wave Amplitude 0.01 m and 0.02 m
Fig.2 presents the calculation results (motion RAOs
and phases) of surge, heave and pitch. Solid lines repre-
sent the results by linear frequency domain method (3D
Rankine panel method). Three sets of time domain results
are also presented: time domain calculation with linear
hydrostatic and Froude-Krylov forces; time domain cal-
culation with nonlinear hydrostatic and Froude-Krylov
forces (wave amplitude equals to 0.01m); time domain
calculation with nonlinear hydrostatic and Froude-Krylov
forces (wave amplitude equals to 0.02m). As shown in
the figures, for both RAOs and phases, all the results in
time domain agree well with the frequency domain re-
sults. Considering the wave amplitude used in this simu-
lation is sufficiently small, these results are as expected.
This provides evidence to verify the numerical scheme
used in this approach to solve the time domain problem
including the calculation of Kij(t), a∞ij , bij and cij .
(a) Surge Motion
(b) Heave Motion
(c) Pitch Motion
Figure 2: Comparison of Time Domain and Frequency
Domain Results of Wigley Model
Numerical and Experimental Results in Large
Amplitude Waves
To further validate the weakly-nonlinear approach, model
tests of a bulker carrier model in large amplitude waves
have been conducted in the towing tank of Osaka Uni-
versity, Japan. The principle dimensions of the model
and simulation conditions are listed in Table 2. Figure 3
presents the 3D hull geometry of the ship.
Table 2: Model principle dimensions of bulker carrier
model and simulation conditions
Length 2.4000 m
Breadth 0.4000 m
Draught 0.1280 m
Displacement 0.0983 m3
Cb 0.8000
Froude Number 0.1800
Wave Heading 180 deg
Wave Amplitude 0.02 ∼ 0.06 m
λ/L 1.2 ∼ 1.6
Figure 3: Hull Geometry of the Bulker Carrier
The calculation results of wave exciting forces (ampli-
tudes and phases) for various wave amplitudes are shown
in Fig.4. It is clear that for surge and pitch exciting
forces, the nondenominational force amplitudes decrease
with increasing wave amplitude. The influence of wave
amplitude on heave exciting force is not significant. On
the other hand, wave amplitude does show clear influ-
ence on the phase angle of heave excitation force, around
λ
L = 1.0.
The results of ship motions are presented as RAOs
and phases against wave slope (Kζa), as shown in Fig.5.
In the figures, the experimental results, calculation re-
sults by linear theory and the present approach (weakly-
nonlinear theory) are presented, for λL = 1.2 and 1.6. For
surge motions (5a), at λL = 1.2, the influence of wave
slope on phase is significant despite little effect on RAO.
At λL = 1.6, the results under large wave amplitude is still
similar to the linear results. For both cases, the weakly-
nonlinear approach show good agreement with the exper-
iment. For heave motions (5b), the effect of wave slope
is obvious for both λL = 1.2 and 1.6. the heave RAOs de-
crease with wave slope increasing while the results of lin-
(a) Surge Excitation Force
(b) Heave Excitation Force
(c) Pitch Excitation Force
Figure 4: Calculation Results of Wave Excitation Forces
(a) Surge Motion
(b) Heave Motion
(c) Pitch Motion
Figure 5: Comparison of Numerical and Experimental
Results of Ship Motions with Different Wave Slope
ear theory remain constant. Similar to surge motions, the
results of the present method agree well with the experi-
mental results. Some difference can be found at λL = 1.2,
but the tendency is consistent between numerical and ex-
perimental results. Regarding the pitch motions (5c), al-
though some difference can be found in the RAO results,
the predicted tendency by the present method coincide
with the one found in experiment.
Conclusions
In this paper, we presented a weakly-nonlinear method
for sea-keeping calculation in large amplitude waves.
The hydrostatic and Froude-Krylov forces are integrated
over the instantaneous wetted surface of the hull with
other hydrodynamic forces calculated by linear theory.
The linear hydrodynamic forces are obtained by using the
impulse response function based theory, which largely
improve the computational efficiency comparing with di-
rect time-domain approaches. The frequency dependent
coefficients are obtained based on a 3D Rankine panel
method, including three-dimensional and forward speed
effects. The computational results by this method has
been presented and compared with linear theory and ex-
perimental results. The following conclusions can be
drawn from this study.
• The numerical scheme and the calculation of mem-
ory effect function, linear hydrodynamic coeffi-
cients are appropriate as the results in small ampli-
tude waves show good agreement with linear theory.
• In general, the calculated ship motions in large
waves by the preset method show good agreement
with experimental results. The predicted tendencies
of RAOs and phases coincide with the experimental
findings.
• It has been confirmed that for the tested ship model,
wave slope has relatively small influence on surge
motions and significant effect on heave and pitch
motions. With increasing wave slope, both heave
and pitch RAOs tend to decrease.
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